This paper discusses the switching properties ofthe behavioral models ofintegrated circuit output buffers. Present 
Introduction
The modeling of digital Integrated Circuits (IC) input and output buffers is of paramount importance for the assessment of Signal Integrity (SI) and ElectroMagnetic Compatibility (EMC) effects in high-end digital systems. The most effective modeling solution for this problem is based on the development of behavioral macromodels. Two main macromodeling approaches are generally used. The simplest one exploits simplified equivalent circuits derived from the internal structure of the modeled devices, leading to the widely used Input/Output Buffer Information Specification (IBIS) [1] . The second approach, in contrast, is based on the use of parametric relations to approximate the device port equations and on the estimation of the parameters from the device responses [2] . It offers improved accuracy and enhanced modeling capabilities.
These two approaches rely on different modeling concepts, nevertheless, for output buffers, they use the same two-piece model structure 
where iH and iL are submodels accounting for the device behavior in the logic High and Low state, respectively. The switching between the logic states is controlled by the weighting functions wH(t) and wL(t) that vary in time, causing transitions between the two submodels.
In the two modeling approaches, submodels iH and iL are obtained from either equivalent circuit representations or parametric relations and identification methods. The physical meaning of the two-piece assumption and the easy estimation of the model parameters from the port waveforms are the main strengths of this model representation.
The two-piece model representation (1) yields models that are inherently accurate for operation in fixed logic states, because in that condition only one of the two submodels is active. In particular, the use of parametric nonlinear submodels allows to reproduce also complicated device behaviors [2] . Possible inaccuracies arise during state transitions, where (1) Fig. 2 . The solid line curves are the driver responses, whereas the dashed line curves are the responses of a two-piece model made by state-of-the-art nonlinear dynamic submodels iH and iL [2] . The responses for the two load with the 100Q resistor are used to estimate the switching coefficients of the two-piece model (see next Section). Model responses are accurate for the loads with the 1OOQ resistor and in poor agreement for the other cases. This is a typical situation: two-piece models predict accurate state transitions for loads close to those used in switching coefficient estimation and may be inaccurate for other loads. It is ought to remark that the load with the 2.5V voltage source is typical of SSTL applications and that the error of two-piece models for these loads is a known effect [3] . Figure  3 shows the output voltage waveform produced by the example driver when it applies a logic High pulse to a 1OOQ resistor. The solid and dashed lines indicate the driver reference response and the last driver stage DC response, respectively. The DC response is computed by assuming vg vgs(t), where vgs(t) is the same vg waveform that gives rise to the reference response. In other words, the dashed curve is the driver response that would be observed if any dynamical effect were removed from its DL model. Figure 3 highlights that the static response of the last driver stage gives a dominant contribution to shape the edges of the driver responses.
The switching process of our two-piece model is then considered, in order to verify how it reproduces the static behavior of the modeled device during state switching. For such a model, as for most stateof-the-art two-piece models, the coefficients wH(t) and wL(t) are estimated by means of the twowaveforms method [5] . In this method, the switching coefficient are the solution of the following linear problem:
where voa(t), ioa(t) and vob(t), iob(t) are the driver output waveforms recorded on two different loads during a state switching. The two loads are named reference loads and are usually made of a simple resistor (with resistance R) connected to ground or to Vd. For our model, the reference load is defined by R=100Q, as indicated in Fig. 2 Fig. 4 . The DC curves of the driver and of the two-piece model intersect along the load lines that are used to compute wH(t) and wL(t).
However, large differences can be observed in the other regions of the (vo,io) plane. In particular such differences hold in the region between the two load lines, too. This is the region crossed by the load lines of SSTL loads and those differences explain the errors shown in Fig. 2 .
The discrepancy between the DC curves of the model and of the driver stems from the structure of the model. In fact, for two-piece models, the DC curves during state switching are a linear combination of the driver v-i curves of the two logic states. However, the DC curves of the driver are more complicated and arise from the nonlinear dependence of the pullup and pulldown currents on the value of vg. In conclusion, the error of two-piece models during state switching arises from the linear nature of their switching mechanism, that cannot reproduce the device DC curves in intermediate states. In order to obtain a driver output model, a control variable defining the logic state of the model and driving the switching process must be also defined. The most natural control variable for model (3) is the driver last stage input voltage vg. For vg Vd and vg 0 the DC characteristic of the Low and High logic states are selected, respectively, whereas intermediate vg values lead to intermediate states. In our model, therefore, the role of coefficients WH and WL of the two-piece models is played by a suitable vg(t) waveform. In actual operation, vg(t) is decided by the circuits preceding the last stage and by the backward transmission properties of the last stage. However, the backward transmission of inverter stages is weak, and is neglected in this approach. For the problem at hand, it has been verified that vg(t) weakly depends on the driven loads. In conclusion, the proposed model is defined by (3) and by function vgs(t) (see previous Section), controlling the logic state and state switching.
The generation of a model based on (3) mainly amounts to generating the dynamic part id, i.e., to selecting a suitable representation of id and to estimating its parameters. The dynamic part id would be well represented by a nonlinear dynamic relation. However, in order to verify the feasibility of this approach, we try a simple linear dynamic representation, i.e., an ARX model. We build the estimation data set for this model by applying vgs(t) to the last driver stage while it drives a transmission line load. The transmission line reflections excite the output port dynamic behavior. This allows to estimate id parameters via a standard algorithm by using vgs, voe and the difference current: (3) ide (t) = 'oe (t) -jos (Voe (t), vgs (t) (4) where voe(t) and ioe(t) are the output driver waveforms recorded in the switching experiment with the transmission line load.
In our example, the transmission line load is composed an ideal transmission line with 50Q characteristic impedance and 3ns time delay terminated by a lOpF capacitor. The estimated ARX model has dynamic order equal two, i.e., it is composed of six terms. The voltage signals used to estimate the parameters of this model are shown in The single-piece model obtained in this way has been extensively tested to verify its properties and performance. Figure 7 A final comment on implementation and efficiency issues is in order. Two-piece models require the implementation of two dynamic submodels, two v-i curves and two switching functions of time. The proposed single-piece model requires the implementation of a dynamic part (whose complexity is comparable to the one of the submodels composing two-piece models), one set of v-i curves and one switching function of time. The most costly part is the implementation of the set of v-i curves, that, however can be efficiently done via sigmoidal functions. In conclusion, the execution time of the single-piece model is expected to be comparable to the one of two-piece models.
Conclusions
The switching process of two-piece models of drivers is analyzed. It 
